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0 lonically conductive organosiloxane polymer compositions. 

® The ionically conductive compositions of this invention comprise the ionic pair (-S03)nM"* bonded either to 
a crosslinked polymer containing organosiloxane units or to a finely divided solid that Is immobilized within said 
composition, where the sulfur atom of said Ionic pair is bonded by means of a divalent hydrocarbon radical that 
optionally contains at least one ether (-0-) linkage, and where M is a metal from Group I or Group II of the 
periodic table of the elements and n represents the valence of M. If the polymer does not contain oxyalkylene 
units the composition contains a non-aqueous electrolyte. 
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BACKGROUND OF THE INVENTION 
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recent Sample of such ionically conductive materials are the solid electrolytes P^eF^^^ 
dissolviroTdfepeTing the salt of a Group I or Group II metal in a Pj^'V-f J-'" ^f^^^^ 
desirable type of solid electrolyte contains organopolysiloxane and P^'vf V^"^, "^^JJf^^^ 
n^.*effort has recently been directed toward the synthesis of th.s type of sohd electrolyte. 

l^hVpresence of th'e organopolysiloxane chain has the effect of 
PEO chl and is therefore extremely effective in improving ionic conductivity. To date there have been 
m^v oroDoSs Witt, rSard to ionically conductive materials based on crosslinked polyorganos.l(«ane/PEO 
mZiSs b^i^^sSe employ dispersed metal safts they have involved the simultaneous t^nsfer of 
'^^^Z S^i^e (mL? ions ionically conductive materials of this type are described ,n Japanese 
Laid Ooen Patent Application (Kokai)Sho 62-209169 I209.169/1987D. 

""'Te t^anSrof negative iins is typically associated wij a number of P-^^,-- SSion S^^^ 
ionically conductive material is inserted as electrolyte in a devce ^"ch ^^^^^ 
within ttie electrolyte due to negative ion transfer, and this causes an increase in internal resistance wrth the 
oassaae of time. As a result, steady-state current flow by the metal ion does not occur, 
because charge compensation with the positive ion prevents elimination of the negative ion. .t becomes 
nece^ to ion's mobility as much as possible. i.e.. a solid ionically conducive 

mTeSHs req!Sred that is'solely positive ion conductive (hereinafter referred to as a positive lon- 

'^TrX^'^^^l^^t^e^^^^^ been reported that IHhium dendrites tend to grow from 
the KhTumCS anode during repeated charge/discharge cycles with a resultng short-c.rcuil.ng of the 
totteil If aSvrion-monoconductive ionically conductive material (particularly in solid torn,) were to be 
J2d^ electSte in J case, the negative ion distribution would be an essentially constant and unrform 
Sr^n despite the charge/discharge process. Localization of the Tithium ion conductve path would be 
eliminated and dendrite growth could be substantially inhibited. ^ . , ^ ,«»mnteH Fnr 

TTfabrication of Aitive ion-monoconducfive ionically conductive '^^^^"^^^'^^ ^fl^^'^^'f:J^„ 
exar^te LeSuTNumber 2XIIC08 from the 1988 Annual Spring I»«eeting of the Chemical Society of Japan 
:r,£s rrrm To^-mono^^^ ionically conductive thin ^^'^^^^^ 
merisation of octemethylcyclotetrasiloxane and methyl benzenesulfonate. compounding the film ^th PEO. 
^d S imrSration If the sulfonate ion by treatment with lithium iodide. However, a 100% re tenjon d 
monome?i^^re is extremely difficult in plasma polymerization, with the result that a comp'ete y h*"""' 
rmonocJndSve ionically conductive material is not obteined. In addition, the use of plasma polymenza- 

''''^^:^:^7:::::^.o,os. send eleCCytes b^ on 
crosslinked with another polymeric material present problems wrth their properties or method of fabncation 
and remain unsatisfactory for application in the electron devices listed above. ^ .u ^ •„ tho 

"esent inventol^ canSed out extensive research in older to solve the problems descr|b^ 
precS^g P^agraphs. As a result, they discovered that material obteined by the "'spersing Particular me^ 
50 ionsm a special crosslinked macromolecular copolymer is free of the problems described above and has 
TZe\Z ionic conductivity and. moreover, can be made into a positive ion-monoconductve ionically 

'°ToSecJ^'of the present invention is to provide Ionically conductive materials havjng a h^ jonjc 
conductiV i!y at room temperature. The materials are highly qualified for use as the solid electrolyte in 
55 batteries and electronic devices such as display elemente. 
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DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a solid lonically conductive material comprising a crossllnked polymer 
selected from the group consisting of poiyorganosiloxanes and organoslloxane/oxyalkylene copolymers, 
5 where at least a portion of the silicon atoms of said polymer are bonded to the sulfur atom of a metal 
sulfonate group 

(-S03)„M"+ 

10 by means of a hydrocarbylene or oxyalkylene radical, M"*^ Is a metal ion from Group I or Group II of the 
Periodic Table, ji is 1 or 2 and represents the valence of M, and said composition contains a non-aqueous 
electrolyte when said crosslinked polymer Is a polyorganosiloxane. 

The presence of the electrolyte is preferred when the crosslinked polymer contains oxyalkylene units. 
In a second embodiment of the present compositions, the anionic portion of the metal sulfonate group 
75 Is chemically bonded to the surface of a finely divided solid, such as a silica filler, which is immobilized 
within the solid composition. 

The crosslinked polymers of the present invention are poiyorganosiloxanes or copolymers containing 
organosiloxane and oxyalkylene unite. When the crosslinked polymer contains only siloxane units the 
composition also contains a liquid non-aqueous electrolyte described in a subsequent section of this 
20 specification. 

The siloxane portion of the crosslinked polymer can be derived from reaction of a prefonmed 
polyorganosiloxane. particularly a polydiorganosiloxane. containing at least three silanol or hydrolyzable 
groups per molecule. Alternatively, the siloxane portion can be derived from condensation of a silane 
containing two or more silanol or silicon-bonded hydrolyzable groups per molecule. The silane typically also 

25 contains the anionic portion of the ionic pair bonded to silicon as described in the present specification. 

In one embodiment of the present compositions, at least a portion of the siloxane units of the 
crosslinked polymer are bonded to an ionic pair consisting of sulfonate group and the cationic form of a 
metal from Group I or Group II of the Periodic Table. The ionic pair can be represented as (-803)0^1"*^, 
where n represents the valence of M and has a value of 1 or 2 and, and M represents a metal from group I 

30 or 11 of the Periodic Table. The ionic pair is bonded a silicon atom of the crosslinked polymer by means of a 
divalent hydrocarbon radical that optionally contains at least one ether (-0-) linkage. Preferred hydrocarbon 
radicals are represented by -X0R-, where X is hydrocarbylene or oxyalkylene and R is an unsubstituted or 
substituted alkylene radical. When the alkylene radical is substituted the substltuent is preferably a hydroxyl 
group. 

35 Suitable hydrocarbylene radicals represented by X include but are not limited to alkylene containing 
from 1 up to 20 or more carbon atoms, and -CH2CH2PhCH2- , where Ph is phenylene. When X represents 
an oxyalkylerie radical it can be oxyethylene or polyoxyethylene. Suitable alkylene radicals represented by 
R include but are not limited to methylene, ethylene, propylene, butylene, pentylene, hexylene. heptylene, 
octylene. Arylene radicals can contain from 6 to 20 carbons, and include but are not limited to phenylene 

40 and naphthylene. 

Alkoxyalkylene radicals in which X is propylene and R is hydroxypropyl are preferred, based on the 
availability of the conresponding epoxy-functional silanes that are reacted with a sulfite of a Group I or 
Group II metal to obtain a precursor of the cross linked polymer that Is obtained by reacting the alkoxy or 
hydroxyl groups bonded to the silicon atom of the silane 
45 The metal ion represented by M in the formula for the ion pair is selected from Group i or Group II of 
the Periodic Table, and is exemplified by but not limited to lithium, sodium, potassium, magnesium, and 
calcium. 

In a second embodiment of the present compositions the sulfonate portion of the anionic pair is bonded 
to particles of a filler or other solid additive by means of a hydrocarbylene or oxyalkylene radical that call 

50 contain one or more internal ether (-0-) linkages. The particles are subsequently physically or chemically 
immobilized within the crosslinked polymer network. 

No specific restriction apply to the type, form, degree of crosslinklng. and other parameters of the 
crosslinked polymer, so long as this polymer is a solid. It will be sufficient for the siloxane (co)polymer to 
be crosslinked. and it Is not required that all ingredients used to prepare the composition participate in the 

55 crosslinking reaction. Crosslinking may be effected by the formation chemical bonds or by physical 
interactions. The physical interactions can result from Intermolecular forces due to crystalline regions with 
the crosslinked polymer. 
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AS described in the preceding portion of this specification, the electrolyte is optional, but Preferred for 
maxkniSion of ionic conductivity, when the crosslinked polymer contains both sHoxane and oxyalky ene 
:Z ^,^^ of suitable e Jolytes include but are no. limited to low ^'^-'Vl'V^tS^'nS 
Ses such as the polyethylene oxides, alkylene carbonates such as propylene carbonate, and lactones 

' "^T^TZT^TZL ingredients the present compositions can also con^in various optional 
ingredients to impart or Vnhance various properties such as mechanical properties Examp es of optiona^ 
Sves *a? be present included but are not limited to natural and synthetic .norgamc and organs 
fillers such as silica, silicone resin, powdered silicone materials, and cellulose. 
,0 AS discussed in a preceding section of this specification, the sulfonate porton of *e 'omc Pa r tha^ 
characterizes the present compositions can be chemically bonded to a solid additive such as a filler by 
Son w^ a an organic or organosilicon compound. This compound is sulfonated either prior to or 
fnllnwinn reaction with the solid additive. _ ^. , ■ 

Te ctess of organosilicon compounds referred to in the art as "coupHng agents" are particularly 
,5 suitable for bonding the sulfonate group to the surface of silica fillers. . ^ 

Because the negative sulfonate portion of the ion pair is bonded through the -X- or -XOR- linkage to the 
crosslinked polymer or an additive that is immobilized within the crosslinked polymer network the rr,ob|^^ 
S Sr^ative ion in the ionically conductive material of the present inventK,n .s ^x^^eme^y low^ 
Lordingly the metal cation is able to dissociate from the anion portion, and '0"''= ^^^^ 
metal ion t^nsfer When the -SOa anion is the only species of anion present within the cro^linted 
mSomrieSrcopolymer. the Ionically conductive material can function as a metal ion-monoconducUve 

""^referred methods for fabricating the ionically conductive compositions of the present invention are 

"'Ti^'step'rare generally necessary in order to obtain the final crosslinked material: (1) a reaction that 
introduces tJe metal suHorSate structure and (2) a crosslinking reaction. So long as the ^^"^1 <.|^-;^^^^^^ 
material contains the desired ion pair (-S03)„M»* . no limitations apply to the sequence of the two steps. 

and in fact they can be run simultaneously. ...... ^^..^„„ «« .ho «{ru\ M"+ 

In other words, crosslinking of the polymer can be carried out following introduction of the -S03)„M 
ion paril a pr;polymer or monomer, the (-S03)„M- ion pair can be introduced into a previoushr 
IssHnked polymerTor the crosslinking reaction can be conducted simultaneousiy wrth the reactran that 

introduces the ion pair into the prepolymer or monomer. 

The reactions described in the following procedures are preferred for introducing the ion pair into a 

'"'^The'epoxy group can be directly bonded to a silicon atom or it can be bonded to silicon by means of 
an alkylene radfcal containing from 1 to 20 carbon atoms and/or an arylene radical. The linking hydrocar- 
bylene radical can also include an ether Bnkage such as -(CH2)mO-. where m is a positive integer. 

The suHonation reaction that introduces the Ionic pair into the polymer can be conducted using a 
silicon-free compound as the initial reactent followed by reaction of the resultant product with an 

" sTte utd in this and other procedures described in subsequent procedures include but are 

not limited to lithium sulfite, sodium sulfite, potassium sulfite and calcium sulfite. 

The reactions involving metal sulfites can be run with good efficiency using an aqueous dispersion d 
the reactants at temperatures of from about 60-0 to about 80-C. Altematively. ^^^^^^j^ 

45 dissolved in polar solvents such as alcohols. The yield of this reaction can be increased by the additton of a 

^ ""^ILhen tie ratio ofr^^ equivatente to epoxy group equivatente is greater then 1 . the excess metal ion 
must be removed by some method at a stage before crosslinking in order tor the final crosslinked material 
to function as a metal ion-monoconductive material. ,„.te„a 
The chlorine must be bonded to silicon through a C, to C20 alkylene radical or through an arylene 
group w-rth an intervening C, to Cs alkylene radical. Examples of suitable linking groups include bu am mrt 
Lited to propylene and benzylene. The linking radical may also include an ether linkage The sulfonation 
reaction may be run on a silicon-free compound followed by bonding to an organosilcon corripound 
Suitable sulfite compounds and reaction conditions are described in procedure 1. Uttraviolrt-induced 
addition reactions between (A) a compound containing an unsaturated aliphatic hydrocarbon radical or a 
mercapto group and (B) a compound having the (-S03)„M''- group at one terminal position and a mercapto 
group or a unsaturated aliphatic hydrocarbon radical at the other tem^inal position are described as foHows^ 
The unsaturated aliphatic hydrocarbon radical or mercapto group of the reactent identified as A can be 
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directly bonded to silicon or may be bonded to silicon through a Ci to G20 alkylene radical and/or an 
arylene radical. The linking hydrocarbylene radical can contain an intervening ether (-0-) group. 

Suitable alkenyl radicals contain from 2 to 20 or more carbon atoms, and include but are not limited to 
vinyl, allyl, and propenyL If the reactant A Is a silicon-free compound, the sulfonation is followed by a 
5 reaction with an organosillcon compound. 

It should be understood that the reaction between reactants A and B requires the presence of a 
mercapto group on one of the reactants and an unsaturated aliphatic hydrocarbon radical on the other. It is 
not critical which of these two reactive groups is present on reactant A and reactant B, 

The addition reaction between the unsaturated aliphatic hydrocarbon radical and the mercapto group in 
70 these two reactants occurs upon exposure to high energy radiation as an electron beam, x-rays and 
ultraviolet radiation. The use of ultraviolet radiation Is preferred based on its favorable economics and 
economics and relative simplicity. 

When reactants A and B are very miscible, these can be reacted in the absence of solvent. When they 
are not miscible, exposure to ultraviolet radiation Is preferably conducted after dissolution of the reactants in 
75 a polar organic solvent such as tetrahydrofuran. dioxane, acetonltrile. dimethylformamlde, and dimethyl 
sulfoxide. 

The reaction runs efficiently in the presence of a photoinitiator, examples of which include but are not 
limited to acetophenone. benzophenone and trimethylsllylbenzophenone. The photoinitiator should be 
added within the range of 0.001 to 30 weight parts per 100 weight parts, based on the combined weight of 
20 reactants A and B, and is preferably added within the range of 0.05 to 20 weight parts. 

While the reaction temperature is not specifically restricted, the reaction is generally run at room 
temperature or with heating. The ultraviolet source can be any of those known in the art. which include but 
are not limited to hydrogen discharge tubes, xenon discharge tubes, low-pressure mercury lamps, medium- 
pressure mercury lamps, and high-pressure mercury lamps. A platinum catalyzed addition reaction between 
25 (c) a compound containing an unsaturated aliphatic hydrocarbon radical or SiH group with (D) a compound 
containing the (-SOajnM"^ group at one terminal position and the SiH group or unsaturated aliphatic 
hydrocarbon group at the other terminal position is described as follows: 

When reactant C contains an unsaturated aliphatic hydrocarbon radical, the unsaturated carbon atoms 
can be directly bonded to silicon or separated by a Ci to C20 alkylene and/or arylene radical that can 
30 include at least one ether (-0-) linkage. Suitable unsaturated aliphatic hydrocart)on radicals include but are 
not limited to vinyl, allyl, and propenyl. 

Reactant D contains the (-S03)nM"+ group at one terminal position and at least two silicon-bonded 
hydrogen atoms or unsaturated aliphatic hydrocarbon radicals. The main chain of this reactant Is made up 
of a Ci to C20 alkylene radical and/or arylene radical. A silicon atom, an ether linkage, or other substituent 
35 may be present within these radicals. It will be understood that the number of unsaturated hydrocarbon 
radicals and/or silicon bonded hydrogen atoms located on each molecule of the reactants should be 
sufficient to form a crosslinked structure. 

The addition reaction between the unsaturated aliphatic hydrocarbon group and SiH in reactants C and 
D is typically conducted in the presence of any of the known hydrosilylation reaction catalysts. Suitable 
40 catalysts include but are not limited to chloroplatinic acid, potassium chloroplatinate. palladium chloride, 
iridium chloride, iron/carbonyl complexes, ruthenium chloride, nickel chloride, and solid catalysts carrying a 
supported metal such as platinum and ruthenium. 

The reaction between Ingredients C and D can be run In the absence of so^ent when the two 
compounds are very miscible. When such Is not the case, the reaction is preferably conducted using a 
45 solution of the two reactants in a suitable organic solvent. 

The concentration of hydrosilatlon catalyst should be from 0.0001 to 0.1 weight percent, preferably from 
0.001 to 0.02 weight percent, based on the combined weight of ingredients C and D. 

While the temperature of the hydrosilatlon is not specifically restricted, this reaction Is generally 
conducted at from room temperature to 150*C. Sulfonation of an aromatic ring not directly twDnded to 
50 silicon, using concentrated sulfuric acid or fuming sulfuric acid, followed by neutralization with a compound 
of the desired Group I or Group II metal Is described below. 

The aromatic ring is exemplified by phenylene and naphthylene and derivatives thereof, in which some 
of the hydrogen atoms on the aromatic ring have been replaced by organic groups. The aromatic ring- 
containing compound may be a polymer having a silicon atoms as part of the backbone structure or it may 
55 be a non-silicon compound, but in any case the sulfonate must by some method ultimately be reacted to 
fonm a pendant group that is part of a silicone polymer. 

Formation of a direct bond between the aromatic ring and silicon during preparation of this class of 
compounds should be avoided because bonds of this nature are cleaved during treatment with concentrated 
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sulfuric acid or fusing sulfuric acid. A C. to Co alMene rad^ should be pr^nt betweer, m aroma«c 

"^r^rr^'So"™ 

in the acid to moles of the ammatic ring-conta.ning '^^^'^P^^^ as the sulfuric acid. 

1:1. Wher, concentrated sulfuric acid (i.e.. an ^^'^^^^^^ at least 80%. 

the concentration is preferabiy 96% (-"-/-J J^^^^J^f ^^^^^^^^ is preferably carried 

The reaction between the sulfuric ^'^'^f''^ ^^^^'.^^^"n^m^ be mn without solvent or using a non- 
out at room temperature or with moderate heating. The reaction may be run wim 

aromatic organic solvent. j^„,ihaH in the nrecedina oaragraphs, conversion into 

Foltai™ cowl*" •< »" »*"*"Si<^^ e^^CS 1« cLspo^ding 10 Ih. 
«„ »»M sulfonate Should b. SirrH^-CS. TO art.* portion of (to «n to an, 

sr'o^SfaitrSnTr:!^^ 

„d 10 add the baaa in an equivalent <vmt, '^"JZ^Z^ZiiL o-ganlc s«v.nt s>«h as 
and f««llclabl, when condu«J Zl^^llZt^^lXto nil sulfonate W » 

*^r,^i«»te g»u. can » lnl»duoed using cor,pc«ds thai react w«h th. ipoups K-senl «, 

.,:;:a^rr<s::sa.»,e«.^ns-^^,j^^^^^ ^ _ „, , 

For exampte. In the case silea. conventional alane cow S ^ 

s^ju'S;:.;^ sl:: :::^re£;T*?- »- - c-^ 

°° '""STdlrls'm B (9 c»»°ll»- I" «- Of «, specmcalion can h. us«l « lnt»duce 

« rS-JSin used » -s- .e o,_^ 

.. „e th,* r«n be oresent on the organosilicon compound and the optional polyoxyal- 

present either at the terminal or none-temiinal POsHJor^ . nreliminary bond formation by some means 
Crosslinking of the final polymer can also ^If^^^'^^l^^^^^'^^^ and then inducing the 

between the precursors of the "^Sf'^Pjyf on these reactants. 

-nrrn2r=ruiSo^^^^^ 

removed. ^^^oiarate thA condensation reaction. When a catalyst is used 

,^t^ist'srter:rrsrn:»rr».^-o„e«,»^ 
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to use a volatile catalyst that is subsequently removed under reduced pressure. Ultraviolet-induced 
crossllnking when either or both of the two pre-polymers (organopolyslloxane and polyoxyalkylene) contains 
the chlorobenzyl group is described as follows: 

In order to effect crosslinldng, at least 3 chlorobenzyl groups must be present in each of the 
5 organopolysiloxane and polyoxyalkylene pre-polymers. These groups can be present either at the terminals 
or as side chains. 

Crosslinking may also be achieved by a preliminary bonding by some means between the two pre* 
polymers followed by a crosslinking reaction involving the chlorobenzyl groups present at appropriate 
positions. Sulfonation procedure 3 contained in a preceding section of this specification describes the 

70 conditions required for the crosslinking reaction, including the appropriate photoinitiators. Ultraviolet-induced 
crosslinking in the presence of a suitable photoinitiator when one of the two pre-polymers (organopolysilox- 
ane and polyoxyalkylene) contains the mercapto group and the other contains the unsaturated aliphatic 
group is described as follows: 

In order to achieve crosslinking, at least 3 of one type of reactive groups must be present in each 

75 molecule of organopolyslloxane and polyoxyalkylene. These may be present either at the terminals or as 
side chains. Crosslinking can also be achieved by a preliminary bonding by some means between the two 
pre-polymers (organopolysiloxane and polyoxyalkylene) and then inducing the addition reaction between the 
mercapto and aliphatically unsaturated groups present at appropriate positions. Sulfonation procedure 3 
contained In a preceding section of this specification describes tiie conditions required for the crosslinking 

20 reaction. Including the appropriate photoinitiators. Crosslinking in the presence of a suitable hydrosllylation 
reaction catalyst when one of the two pre-polymers (organopolysiloxane and polyoxyalkylene) contains 
silicon-bonded hydrogen atoms and the other contains the unsaturated aliphatic hydrocarbon radical is 
described as follows: 

In order to achieve crosslinking, at least 3 of one of the two types of functional groups must be present 
25 In each molecule of organopolysiloxane and oxyalkylene polymer. These groups can be present either at 
the terminal positions or as pendant groups. Crosslinking can also be achieved by a preliminary bonding by 
some means between the two pre-polymers (organopolysiloxane and polyoxyalkylene) and then conducting 
the hydrosilation reaction. 

Sulfonation method (4) described in a preceding section of this specification provides examples of the 
30 unsaturated aliphatic groups and the conditions required for the hydrosilation reaction, including the 
appropriate catalysts. Crosslinking by heating in a vacuum in the presence of a suitable esteritication 
catalyst when one of the two pre-polymers (organopolysiloxane and polyoxyalkylene) contains the carboxyl 
group and the other contains the carbinol group is described as follows: 

The carboxyl and carbinol groups are each preferably bonded to the prepolymer by means of 
35 hydrocarbon radicals, such as Ci to C20 alkylene and/or arylene radicals. In order to effect crosslinking. at 
least 3 of the above-mentioned functional groups must be present in the organopolyslloxane and any 
polyoxyalkylene. These reactive groups can be present eitfier at the terminal positions or as pendant 
groups. Crosslinking may also be effected by a preliminary bonding by some means between the 
prepolymer(s), namely the organopolysiloxane and any polyoxyalkylenes and then inducing condensation 
40 between the aforesaid functional groups present at appropriate positions. 

The condensation reaction is conducted by heating the prepolymer(s) either in the absence of solvent 
or in a polar organic solvent. Drying by heating under reduced pressure is typically a requirement, because 
It Is essential that the evoh/ed water be completely removed. 

Acidic or basic catalysts can be used to accelerate the esteritication reaction. When a catalyst is used 
45 precautions must be taken to ensure that no catalyst remains in the final product. One way to achieve this is 
to use a volatile catalyst that is subsequentiy removed under reduced pressure. 

The following examples describe prefenred embodiments of tiie present invention and should not be 
interpreted as limiting the scope of the invention described in the accompanying claims. Unless otherwise 
specified all parts and percentages in the examples are by weight and viscosities are the values measured 
60 at 250 C. 

Ionic conductivity values were obtained using the following method. 

The measurement specimen was prepared by forming the ionically conductive material into a film. After 
specimen thickness had been measured with a micrometer, circular platinum plate electrodes with a 
diameter of 1 cm were bonded to both surfaces of the specimen. This entire assembly was placed in a 
55 thermostatically controlled vacuum container, and the condition of the specimen was completely equili- 
brated by pumping down to a pressure of less than 10"^ ton*. A 5 Hz to 13 MHz alternating-current voltage 
was applied using an LCR meter (Yokogawa-Hewlett Packard 4192A), and the conductivity was measured 
by tiie complex impedance method. 
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Example 1 

lonically conductive materials were fabricated in accordance with the present invention (sample 1) and 
in accordance with the prior art (sample 2) for the purpose of property comparison. 

5 

Sample 1 

10 0 g 3-glycidoxypropyltrimethoxysilane and 3.98 g lithium sulfite were reacted by stirring for 2 hours 
at 75 - C in 14 g pure water. A white precipitate was produced when this reaction product was introduced 
70 into 100 mL stirred acetone. 

This white precipitate was isolated to yield the compound 1 specified below. 

A compound identified compound 2 was prepared using the same procedure with 3-glycidoxypropyl- 
methyldimethoxysilane as the organosilicon compound. ^ . aw 

0 1 g compound 1. 0.2 g compound 2. 0.3 g compound 3 as specified below. 0.4 g compound 4a or 4b 
as specified below. 0.5 g pure water, and 0.5 g tetrahydrofuran were mixed by Stirring to achieve thorough 
dissolution. This solution was passed through a weakly acidic cation exchange resin in order to remove the 
excess lithium ion. 2 g of the treated solution was poured into a 3 cm x 3 cm teflon dish. Heating for 2 
hours at 120- C on a hot plate followed by vacuum drying for 4 days at 140- C in a vacuum desiccator 
yielded a transparent film with a thickness of 0.3 mm. Compound 4b does not contain reactive groups that 
allow it to be incorporated into a crosslinked polymer. In accordance with the present invention, this 
compound is therefore classified as a non-aqueous electrolyte. . . •. . 

When these film were evaluated by infrared absorption spectroscopy, absorption due to the silanol 
group was not observed, which confirmed that the condensation reaction had run essentially to completion 
The ionic conductivity measured on the films were 2.0 x 10^^ S.cm-^ at 25 -C for the composition prepared 
25 using compound 4a and 2.1 x lO"'^ S.cm"^ for the composition prepared using compound 4b. 
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compound 1; 

(HO>.Si(CH,),OCH CH-CH SO,Li 
o 2 3 2 1 2 3 

OH 



compound 2i 



10 CH 

I 



75 



( HO ) jSi ( CH^ ) gOCH^CHCH^ SO^ Li 

OH 



compound 3: 

I ^ 
BO(SiO) .H 

I * 

25 3 

compound 4a: 

CH, 

30 I 3 .3 

HOSl - ( CH^ ) 3O ( CH^CHjO ) ( CH^ ) 3-SiOH 

CH3 CH3 

35 



compound 4b: CHa 0(CH2 CH2 0)i 2 CH3 
40 Sample 2 

0.278 g compound (5) as specified below, 0.527 g compound (6) as specified below. 0.195 g compound 
(7) as specified below, and 30.8 mg lithium perchlorate were mixed by stinging and thorough dissolution was 
induced by ultrasound. To the resulting solution was added 3 microliters 0.1 N ethanolic hydrochloric acid. 

46 The solution was passed through a weakly acidic cation exchange resin in order to remove the excess 
lithium ion. 2 g of the treated solution was poured into a 3 cm x 3 cm Teflon(R) dish. Heating for 2 hours at 
120'C on a hot plate followed by vacuum drying for 4 days at 140* C In a vacuum desiccator yielded a 
transparent film with a thickness of 0.3 mm. When this film was evaluated by infrared absorption 
spectroscopy, no peaks were observed originating with the hydroxyl group or free carboxylic acid and a 

50 stretching vibration peak was observed at 1740 cm-1 from the carbonyl group due to ester production. 
These results confirmed that the esterification reaction had run essentially to completion. The Ionic 
conductivity measured on this film was 4.8 x 10"^ siemans (S.) cm~^ at 25* C. 
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compound 5: 



CH_ CH, CH CE 
, 3 I 3 ,3,3 

CH,SiO(SiO).(SiO) SiCH 
3| I 3 I /i J 



I a 

. ^2>3 
COOH 



^sTzh^S ^3 



conipound 6: 

CH, CH_ CH, CH 
,3,3 I 3 ,3 

CH,S10(SiO).(S.iO)-SlCH 
3, , 3 I 7, 3 

«^3<f 2^3 ^3 *=^3 

compound 7: HO(CH2CH20)i2CH3 
Direct-current voltage application test 

Uthium foil (diameter = 1 cm. thickness = 0.14 mm) was adhered on both surfaces o1 sample 1 
(thic^er= 0 3 mm) and sample 2 (thicicness = 0.3 mm). The entire assembly was in each case placed 
K^Sum chaJlSr. The chLber was evacuated at 25-0 to a high vacuum of . 10- to,T and 
S,^ition Of the sample was thoroughly equilibrated. After this cond tion,ng. ^^-^"^"-"^^""^^^^^^ 
was applied to the two lithium foils and the variation in the current flow over a fme f« '"J °* ^° '^^^^^ 
monitored With regard to sample 1. the initial current of 52 microamperes was maintained for appr^* 
mS z days and it was thereby confirmed that this ionically conductive material was a positve lon- 
morfo'cc^duSfonically conductivl material. In contrast to this, in the case of sample 2 the initial current 
ftf yq micraamoeres had declined to 4.4 microamperes after 2 days. 

TO SSe^e effect of a non-aqueous electrolyte on the conductivity of the present compositions, 
the J ocetrde *ibed for the preparation of sample 1 was followed f rclT^^'^oZ 
The inaredients used were 0.08 g. of compound 1. 0.16 g. compound 2. 0.24 g. of compound 3. 0.32 g. 
2mZr^ 4t oTg propylene carbonate. 0.5 g. pure water, and 0.5 g. ^^y^'^^^'^^^^H 
SXatare u ed to dry the film in the vacuum desiccator was 140" C. The lon.c conductivity of *e 
was 9.8 xTo-^ S.cm- and the direct-current application test produced a current of 250 
microamperes for approximately 2 days. 

Example 2 

10.0 g 3-gIycidoxypropyltrimethoxysilane and 5.33 g sodium sulfite were reacted by stif""9 2 hours 
at 75-C ?n 15 g pure water. A white precipitate was produced when this react«,n product was mfroduced 
L 100 mL stirred acetone. This reaction product was isolated to give the compound 8 speafied be^.w. 
Z compound 9 specified below was similarly prepared starting from 3-gIycidoxypropylmethyldimethox- 

ai'g compound 8. 0.2 g compound 9. 0.3 g compound 3 as used in Example 1. 0.4 9^;^Pj^^^^^^ 
4 b 0 5 Q pure water, and 0.5 g tetrahydrofuran were mixed by stirring to achieve thorough dissolution. This 
^oL^n was paLd through a weakly acidic cation exchange resin in order to remove ^-^^J^^ 
ton 2 g of the treated solution was poured into a 3 cm x 3 cm Teflon(R) dish. Heating for 2 houre at 120 C 
on a hJt pll Swed by vacuum d'rying for 4 days at 140-0 in a vacuum desiccator yielded a transparent 
film with a thicicness of 0.3 mm. 
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When this film was evaluated by infrared absorption spectroscopy, absorption due to the sllanol group 
was not observed, which confirmed that the condensation reaction had run essentially to completion. The 
ionic conductivity measured on the film prepare using compound 4a was 2.8 x 10-6 S.cm-1 at 25 'C. The 
film prepared using compound 4b exhibited a conductivity value of 2.95 S.cm~^ When the direct-current 
voltage application test described in Example was conducted on the sample prepared using compound 4a, 
a current of 73 microamperes was maintained for approximately 2 days. The sample prepared using 
compound 4b maintained a current of 75 microamperes for about 2 days. 



compound 8: 



(Ho)^si (cu^)^oca^cK'-ai^so^HR 



I 

OH 



compound 9: 
CH^ 

<H0) ^Si ( CH^ ) a^CH^CH-CH^SOgNa 

OH 



Example 3 

10.0 g 3-glycidoxypropyitrimethoxysllane and 5.08 g calcium sulfite were reacted by stirring for 2 hours 
30 at 75" C in 15 g pure water. A white precipitate was produced when this reaction product was introduced 
into 100 mL stirred acetone. This reaction product was isolated to give the compound (10) specified below. 
The compound 11 specified below was similarly prepared starting from 3-glycidoxypropylmethyldimethox- 

ysilane. 

0.1 g compound 10, 0.2 g compound 11, 0.3 g compound 3 as used In Example 1, 0.4 g compound 4a 
35 or 4b, 0.5 g pure water, and 0.5 g tetrahydrofuran were mixed by stirring to achieve thorough dissolution. 
This solution was passed through a weakly acidic cation exchange resin in order to remove the excess 
calcium ion. 2 g of the treated solution was poured into a 3 cm x 3 cm Teflon(R) dish. Heating for 2 hours 
at 120*0 on a hot plate followed by vacuum drying for 4 days at 140* C In a vacuum desiccator yielded a 
transparent film with a thickness of 0.3 mm. 
40 When this film was evaluated by Infrared absorption spectroscopy, absorption due to the silanol group 
was not observed, which confirmed that the condensation reaction had run essentially to completion. The 
ionic conductivity measured on the films were 8.7 x 10~^ S. cm~^ at 25*C for the composition prepared 
using compound 4a and 9.3 S.cm~^ for the composition prepared using compound 4b. The direct-current 
voltage application test was run as In Example 1, and a current of 23 microamperes was maintained for 
45 approximately 2 days for tiie sample prepared using compound 4a. The film prepared using compound 4b 
maintained a cunrent of 26 microamperes for about 2 days. 
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compound 10: 

I (HO ) 3SI (CH2 ) 1 ^Ca 

OH 

compound 11: 
I 

[ (HO) 5i(CH2)30CH2CH-CH2S03l2Ca 

I 

OH 



Example 4 

5.00 g compound 12 as specified below and 2.14 g P-'=^''°r'^''TlSo^1^bl^^^^^ 
toluene This followed by the addition of 1.6 mg p-methoxyphenol as polymenzation inhibitor and 26.0 
S«e??reTgh«rCo^^^^^^ chloroplatinic acid hexahydrate (H.PtCls.6HaO) soluton as hydros.lyla- 
Sn SEaTd then heating to TO'C and reaction at this temperature for approximately 2 hours. 4.20 g of 
c^^pS 13 i s^ec^ed below was subsequenfly dripped into this solution at TO'C a -ctjon.^ - 
^ ms temperature for approximately 2 hours, and the solvent was t^''^'^^'^;;;^ « ^^^^ 
oroducl and 0 646 g lithium sulfite were reacted by stirring for 2 hours at 75 • C m 1 1 g pure water, a wtme 
o Siotrwi *en ginerated when this reaction product was introduced into 100 mL stirred acetone. Th.s 
rcT^duct wL'iied to yield compound 14 specified below. Tr,e excess IHhium ,on was removed 
by passage through a weakly acidic cation exchange resin. - ^ , ^ T^nn(R\ dish A 

1 a of comoound 14 prepared as described above was poured into a 3 cm x 3 cm Teflon(R) dish. A 
tr Jp^r^t aa m^lck L wam obtained by exposure to 160 W/cm ultraviolet radiation for 6 
TmT^lpLure mercury lamp positioned perpendicularly above the film (5 - ^^.f ^ ^L^,^^!'^^ 
been vacuum-dried for 2 days at 70-C. its ionic conductivrty was measured ^ 1-5 x 10 S-cm (25^ ^ 
\Amen it was subjected to direct-current voltage application testing as in Example 1. a cunrent of 39 
microamperes was maintained for approximately 2 days. „ „ „ m ^«,no..nrt 14 and 

To determine the effect of including propylene carbonate as an electrolyte. 0.8 g. of compound 14 ^d 
0 2 a rwoDvlene carbonate were used to form a film as described in the preceding paragraph of th.s 
exaiSple Clonfo cS^ctivity of this film was 8.3 x 10- S.cm- and a current of 220 microamperes was 
produced for about 2 days during the direct-current voltage application test 



40 compound 12: 



45 



CH_ CH- CH CH 
j 3 , 3 ,3 ,3 

CH3SiO(SiO),Q(SiO)3^SiCH3 
CH3 CH3 H CH3 



compound 13: CH2 = CH-CH20(CH2CH20),2CH3 
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compound 14: 



10 



15 




CH3^10-(^iO)7Q|-SIO 

CH3 CH3 yCH^yifCH^yLl JcHa 



CH3 

SiO— HSi04$iCH, 



O 



(CHoJoOtCHaCH^Oi^CHg 



SOgLi 
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Example 5 

0.634 g compound 15 as specified below, 0.275 g compound 16 as specified below. 0.091 g sodium 
bisulfite. 0.5 g pure water, and 0.5 g tetrahydrofuran were combined and mixed to homogeneity. After the 
addition to this solution of approximately 20 mg (4-isopropyl)phenyl-1-hydroxyisopropyl ketone as 
photoinitiator, the solution was poured into a 3 cm x 3 am teflon dish and heated fpr 2 hours at 120*0 on a 
hot ptate. A transparent 0.3 mm-thick film was obtained by exposure to 160 W/cm ultraviolet radiation for 6 
seconds from a high-pressure mercury lamp positioned perpendicularly above the film (5 cm gap). After 
this film had been vacuum-dried for 2 days at 70 "C. its ionic conductivity was 1.8 x 10"^ S.cm"^ (25 'C). 

When the film subjected to direct-cun^ent voltage application testing as in Example 1, a cunrent of 47 
microamperes was maintained for approximately 2 days. 

To determine the effect of the presence of propylene carbonate as a non-aqueous electrolyte, the 
procedures described in the preceding section of this example were repeated using the following amounts 
of ingredients: 0.507 g. of compound 15, 0.220 g. of compound 16. 0.073 g. of sodium bisulfite. 0.5 g. 
water, and 0.5 g. of tetrahydrofuran. To the resultant mixture was added 0.2 g. of propylene carbonate and 
approximately 0.20 mg. of (4-isopropyl)phenyl-1-hydroxyisopropyl ketone as photoinitiator. The crosslinked 
film fonmed from this composition exhibited an ionic conductivity of 8.8 x 10-6 S.cm-1 and a current of 230 
microamperes for about two days during the direct-current voltage application test. 



compound 15: 

CH^ CH^ Cn CH. 



CH SiO- ( SiO ) { SiO ) ."-SiM 
3| I 7 , 3 , 3 



CH^ CH^ 



(CH2)3SH CH3 



55 



compound 16: CH2 = CH-CH20(CH2CH20)i 2CH2-CH = CH2 
Example 6 

0.539 g of compound 12 described in Example 4. 0.291 g of compound 16 as described in Example 5. 
0.176 g lithium styrenesulfonate, 0.5 g pure water, and 0.5 g tetrahydrofuran were combined and mixed to 
homogeneity. 2 g of this solution was poured into a 3 cm x 3 cm Teflon(R) dish and heated for 2 hours at 
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120'C on a hot plate. This was followed by the addition of 2.47 microliters of a 2 weight% •sopropanol.c 
chloroplatlriic acid hexahydrate (hfeRCU.6HaO) solution as hydrosilylation catalyst '^^^^^ 
and reaction at this temperature for approximately 2 hours. A 0.3 ^'^'^ T^'^^l^^ "I'^T^. 
After this film had l^een vacuum-dried for 2 days at 70 -C. its ionic conduc^.ty was atl^^ x 10-6 

S.cm-1 (25 -C). When it was subjected to direct-cunrent voltage application testing as in Example i. a 
current of 42 microamperes was maintained for approximately 2 days. 

TO SeSne the effect of including propylene carbonate as an ^'^f 9- 

0.233 g. of compound 16. 0.141 g. of lithium styrenesulfonate. 0.5 g. wMer. 0.5 g. tefrahvdrofurar, 0.2 g^ 
propylene carbonate were used to form a film as described in the preceding 

L that had been dried in na vacuum oven for two days at 70° C exhibited an ionic conductn^ity of 7 9 x 
10^« sirT' and maintained a current of 210 microamperes for two days during the direct-current voltage 
applicaUoii test 

Example 7 

03 g of compound 5 described in Example 1. 0.5 g of compound 7 described in Example 2, 0.2 g of 
compound 1 described in Example 1, 0.5 g pure water, and 0.5 g tetrahydrofuran were mixed to 
homogeneity. After the addition of 3 microliters 0.1 N ethanolic hydrochloric add. 2 g o^^ this solut^^^^ 
poureS into a 3 cm x 3 cm teflon dish. Heating for 2 hours at 120'C on a •^^VJ^*^ 
dnring for '4 days at 140*0 in a vacuum desiccator yielded a transparent film with a thickne^ of 0.3 mm 
TrionVc condLvity of this film was 1.7 x 10"* S.cm- (25-C). When it was subjected to direct-currerrt 
Xe application ting as in Example 1 . a current of 44 microamperes was maintained for approximately 

^"Tfilm^ containing a non-aqueous electrolyte was prepared following the procedure described in the 
preceding section of this example using 0.24 g. of compound 5. 0.4 g. of compound 7. 016 g^ oi^>a^M 
? 0 5 g. of water. 0.5 g. of tetrahydrofuran. 0.2 g. of propylene carbonate and 3 microlrters 0.1 N ethanote 
h;dmchloric acid. The ionic conductivity of this film was 9.2 x 10"^ S.cm-' and a current of 240 
microamperes was maintained for about 2 days during the direct-cunrent voHage application test. 

30 Example 8 

10 0 g of compound 12 described in Example 5 and 2.41 g of styrene were dissolved in 20 mL toluene^ 
After the addition of 3.2 mg p-methoxyphenol as polymerization inhibitor and ^.4 microlrters d a 2 
welght% Isopropanolic chloroplatinic acid hexahydrate (H,PtCls.6H20) solution as hydrosilylation catalyst 
the temperahire of the resultant mixture was raised to 70-C and a reaction was run for ^PPl^^^^^^^J 
hours at this temperature. The soh^ent was then removed from the reaction solution. 10 g of the resultant 
Jyme^ w s sulfonated by contacting it with 5 g of 96% aqueous sulfuric acid, and the excess suK"n^^ ^od 
w J removed by washing with water. The suHonic acid value was measured on the resutog oil which was 
then neutralized with an equivalent quantity of lithium hydroxide to yield compound 17 descnbed below 
0.709 g of compound 17. 0.291 g of compound 16 described in Example 5. 0.5 g pure water, and 0.5 g 
tetrahydrofuran were combined and mixed to homogeneity. 2 g of this solution was poured into a 3 cm x 3 
crn Teflon(R) dish and heated for 2 hours at 120-0 on a hot plate. 2.47 microliters « 2 weighW^o 
isopropanolic chloroplatinic acid hexahydrate (H,Ras.6HaO) solution was added as a M os Jylaton 
cataiyS. followed by heating at 70-0 for approximately 2 hours. A 0.3 mm-thick ransparen film w« 
obtained. After this film had been vacuum-dried for 2 days at 70-C, its ionic conductivrty w^ 1.8 x 10 
S.cm-1 (25-0). When it vras subjected to direct-current voltage application testing as in Example i. a 
current of 47 microamperes was maintained for approximately 2 days. .. , ^ , , 

To detemiined the effect of the presence of propylene carbonate, a film of crosslinked polymer was 
prepared as described in the preceding section of this example using the following amounts of ingredients: 
0 567 g. of compound 17, 0.233 g. of compound 16. 0.5 g. water. 0.2 g. propylene carbonate. 0.5 g. 
tetrahydrofuran and 2.47 microliters of a 2 weight percent isopropanolic solution of chloroplatinic acid 
hexahydrate. The ionic conductivity of the crosslinked film was 8.0 x lO"* S.cm"', and a current of 210 
microamperes was maintained for about 2 days during the direct-current voltage application test. 
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compound 17: 



CpH3 CH3 (jJHs (pHg ^Hg 

CHg^iO (^iO)7 (S10),.s ifOk.s f CH3 
CH3 CHg (CH2)2 H CHa 

O 

SOsU 



Example 9 

20 

10 g wet-method silica (Nipsil VN3, wet-method silica from Nippon Silica Kogyo Kabushiki Kaisha) was 
heated for 2 hours at 150* C in order to remove water adsorbed on the surface, this was followed by the 
addition of 5 g compound 1 described in Example 1 and then heating under reflux for 2 hours in one liter of 
a 5 N KOH solution in toluene while distilling the evolved water from the system. The silica was isolated and 
25 unreacted compound 1 was removed by a water wash. The following ingredients were mixed by stirring with 
complete homogeneity being obtained by exposure to ultrasound: 0.1 g of the silica prepared as above, 

0. 250 g of compound 5 described in Example 1. 0.474 g compound 6 described in Example 1. and 0.176 g 
of compound 7 described in Example 1. 

Following the addition of 3 microliters 0.1 N ethanolic hydrochloric acid, heating and drying of the 
30 reaction mixture were conducted as described for Sample 1 in Example 1. A 0.3 mm-thick transparent film 
was obtained. The ionic conductivity of this film was 1.9 x 10"^ S.cm"^ at 25 'C. When the direct-current 
voltage application test was conducted, a cunrent of 49 microamperes was maintained for approximately 2 
days 

35 Claims 

1. A solid ionically conductive material comprising a crosslinked polymer selected from the group 
consisting of polyorganosiloxanes and organosiloxane/polyoxyalkylene copolymers, where at least a 
portion of the silicon atoms of said polymer are bonded to the sulfur atom of a metal sulfonate group 

40 having the formula 

(-S03)„M"* 

by means of a hydrocarbylene or oxyalkylene radical, M""^ is a metal Ion from Group I or Group II of 
45 the Periodic Table, n is 1 or 2 and represents the valence of M, and said composition contains a non- 
aqueous electrolyte when said crosslinked polymer is a polyorganosiloxane. 

2. A composition according to claim 1, where said crosslinked polymer is an organosilox- 
ane/polyoxyalkylene copolymer and said composition further comprises a non-aqueous electrolyte. 

50 

3. A composition according to claim 1 where, said metal is selected from the group consisting of lithium, 
sodium, potassium, calcium and magnesium and said metal sulfonate group is bonded to silicon by 
means of a group of the formula -X- or -X-0-R-, where X represents a hydrocarbylene or oxyalkylene 
radical and R represents an unsubstituted or substituted alkylene radical. 

55 

4. A composition according to claim 2 where said crosslinked polymer is an organosilox- 
ane/polyoxyalkylene copolymer where said polyoxyalkylene portion is polyokyethylene, and said 
electrolyte Is selected form the group consisting of polyethylene oxides, propylene carbonate, and 
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gamma-butyrolactone. 

5. A composition according to claim 4 where the orgar,osiloxane portion of said cro^linked polymer is 
derived from the condensation of at least one silane containing at least two silanol or silicon-bonded 
s alkoxy groups per molecule. 

6 A composition according to claim 4 where the organosiloxane portion of said crosslinked polymer , 
comprises diorganosiloxane units and X is -{CHzjzPhCHa-. where Ph. is p-phenylene. 

,0 7. A solid ionically conductive material comprising a crosslinked polymer selected from the group 
consisting of polyorganosiloxanes and organosiloxane/polyoxyalkylene copolymers, and a finely divided 
solid immobilized within said composition where the sulfur atom of a metal suHonate group 

(.SCb)»M»* 

is bonded to the surface of said solid by means of a hydrocarbylene or oxyalkylene radical. M"* is a 
metal ion from Group I or Group II of the Periodic Table, n is 1 or 2 and represents the valence of M. 
and said composition contains a non-aqueous electrolyte when said crosslinked polymer is a polyor- 
ganosiloxane. 

a A composition according to claim 7. where said crosslinked polymer is an organosilox- 
ane/polybxyalkylene copolymer and said composition further comprises a non-aqueous electrolyte. 

9 A composition according to claim 10 where the organosiloxane portion of said crosslinked polymer is 
derived from the condensation of at least one silane containing at least two silanol or silicon-bonded 
alkoxy groups per molecule. 
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